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I. Introduction
High energy laser beams propagating through the atmosphere can be severely defocused or deflected by thermal blooming [1] .The thermal blooming process is driven by a small fraction of the laser energy that is absorbed by the molecular and aerosol constituents of air [2, 3] . The absorbed energy locally heats the air and leads to a decrease in the air density which modifies the refractive index. The refractive index variation leads to a defocusing or deflection of the laser beam. In the presence of a transverse wind, the region of heated air is convected out of the beam path and a steady-state situation is realized [1] . In general, however, the intensity of a beam undergoing thermal blooming is a function of both time and spatial position, particularly in a stagnation zone, where the effective wind velocity is zero.
Stagnation zones are particularly detrimental to HEL propagation since, without an effective clearing mechanism for the heated air, the strength of the thermal lens grows in time. In this situation, the defocusing process is eventually limited by thermal conduction or buoyancy. However, by the time these processes become effective, the beam may have already been severely degraded.
Thermal blooming in the presence of a stagnation zone was experimentally observed in a laboratory experiment using a 1OW, C0 2 laser passed through an absorption cell containing C0 2 gas. The cell was pivoted to simulate a wind profile containing a stagnation zone. This experiment was also modeled using a code that solved timedependent thermal blooming equations in the isobaric regime [4] .
In this study we examine the effect of a stagnation zone on a HEL beam focused onto a remote target in a maritime atmosphere. We first analyze the effect of a stagnation zone on the propagation of a focused beam and calculate an approximate expression for the relative intensity (Strehl ratio) on target as a function of focusing geometry and stagnation zone position. We then utilize the HELCAP code [3] , a 3D, time-dependent numerical simulation, to examine the propagation of a megawatt-class HEL beam through a maritime atmosphere which contains a stationary stagnation zone along the laser path. The laser target configuration used in these simulations is shown in Fig. 1 .
Our simulation model includes time-dependent thermal blooming as well as aerosol and molecular absorption [2, 3] , turbulence [5] , aerosol and molecular scattering [6] , and aerosol heating and vaporization [7] [8] [9] [10] . We use the simulations to calculate the laser power delivered to a remote target for different wind profiles which place the stagnation zone at different locations along the laser propagation path.
II. Analysis of HEL Propagation Through a Stagnation Zone
The effect of a stagnation zone on HEL propagation in the atmosphere is highly dependent on laser and atmospheric parameters as well as on the propagation geometry.
In general, the problem requires a numerical simulation to determine the amount of Lf -5 km. In this parameter regime, the second term is much larger than the first term.
The third term is much larger than the second term for 5 nR > 10-', which is typically encountered within a stagnation zone. Hence, for the parameter regime of interest, we neglect the first and second terms on the right side of Eq. (3) and integrate to solve for
C o where k_ 0 (r) is the initial transverse wavenumber at z = 0. Equation (4) represents k 1 in the geometric optics limit.
Equation (2) can be integrated to yield
which is an integral equation for I(r, z,t) that can be solved approximately by replacing I(r, z,t) in the right side by 10 (r, z), i.e., the unperturbed intensity for a homogeneous medium (6.n7, = 0). The unperturbed intensity satisfies
Substituting Eq. (4) into Eq. (5) yields the relative intensity [11] I(rz,t)
The refractive index change due to thermal blooming is given by tinTB = (no -1)Sp / p 0 , where p 0 is the mass density, and S•p is the perturbed mass density. In the isobaric regime, the mass density change is given by [1, 3] CPjic+ VV -, V 2 5 aTA(r,t)I,
where Kc is the thermal conductivity, V is the effective wind velocity, C is the specific heat at constant pressure, To is the ambient temperature, and I is the time-averaged laser intensity. In general, the absorption coefficient, a T, contains both aerosol and molecular contributions and can be time dependent. For the simplified analysis of this Section, however, we take it to be constant in time. The isobaric approximation is valid for times greater than the hydrodynamic time R / C•, where C, is the acoustic speed. We consider time scales less than the thermal conduction time, Cp AR 2 / K, and neglect the thermal conduction term in Eq. (8) .
For the purpose of obtaining an approximate closed form expression for Eq. (7), we solve Eq. 5nT, (r, z, t) 3-
where y,,
The unperturbed intensity is taken to have a Gaussian transverse profile
where I00 denotes the intensity on axis at z = 0. The spot size R is a function of z and the initial spot size is denoted by Ro -R(z = 0). Substituting Eqs. (9) and (10) into Eq.
(7), results in an expression for the on-axis Strehl ratio at z = L, i.e., (z) . To obtain an approximate analytic expression for the right side of Eq. (11), we note that for a weakly focused beam, the integrand G is sharply peaked and grows linearly with time in the vicinity of the stagnation zone, i.e., G(zo, t) = t exp(-z 0 )/ R 4 (z 0 ). Hence, we can approximate the integration over z' in Eq. (11) by 
The width of the stagnation region, Az, is in general a function of time and also the spatial variation of the wind profile. We can define the stagnation zone as the region where the condition t / zc (z) << 1 is satisfied. In this case, the width of the stagnation zone can an be defined according to t / r, (z 0 + Az) = I.
We now consider specific analytic expressions for the wind profile V(z) and laser spot size R(z). For a slewed laser beam, the wind profile can be written as
where Vwfd is the ambient wind velocity, and the laser slew rate, 0 is related to z 0 according to 0 =T, / z 0 . Note that for this model, a stagnation zone at the transmitter For the linearly varying wind profile described above, Eq. (13) can be written as
where
describes how the location of the stagnation zone affects the relative intensity on target.
The larger the value of f(z,), the lower the intensity on the target.
We can derive an approximate functional form for R(z) to be used in Eq. (17).
Substituting Eq. (10) into Eq. (6), the laser spot size can be shown to satisfy 
III. Numerical Simulation
The propagation code used in this study is HELCAP (High Energy Laser Code for Atmospheric Propagation), which is a fully time-dependent, 3D code developed at the Naval Research Laboratory. HELCAP models the propagation of continuous and pulsed HEL beams through various atmospheric environments. It includes the effects of aerosol and molecular scattering, aerosol heating and vaporization, thermal blooming due to both aerosol and molecular absorption, and atmospheric turbulence. A more detailed description of the code can be found in Refs. [3] and [12] .
HELCAP solves a nonlinear Schrrdinger-like equation for the complex laser electric envelope, A(x,y,z,t), which is of the form contain both molecular and aerosol contributions. In general, they are time dependent due to aerosol heating and vaporization by the laser as described in Ref. [3] . The quantities 5n T and 5n,-denote the refractive index variation due to atmospheric turbulence and thermal blooming respectively. Atmospheric turbulence is modeled in the usual manner using phase screens for which the scale sizes of the index fluctuations are described by a Kolmogorov spectrum characterized by the parameter C' [5] . The mass density change due to thermal blooming is solved for according to Eq. (8), where the total absorption coefficient, a,8, is time-dependent and contains both aerosol and molecular contributions in the manner described in Ref. [3] . The laser is propagated through a maritime environment in which the aerosol distribution is modeled using the Advanced Navy Aerosol Model (ANAM) [13] and the molecular absorption coefficient is calculated using MODTRAN4 [14] . The details of the atmospheric model and the parameters used to characterize a maritime environment are discussed in Ref. [3] . The ambient absorption and scattering coefficients for propagation at A = 2.141 jon are at3 = 6x10-3 kn-' and 83 = 0.05 km-', respectively. In the simulations these quantities vary in space and time due to aerosol vaporization. 
T dwell 0 where the dwell time rd 1 , = 1 sec, and dxdy is the differential cross section which is integrated over the target area. The total laser energy reaching the target is
Figure 3 plots ýPIget) versus slew rate, 0, for the propagation configuration of Fig. 1 . A negative slew denotes that the slew direction is opposite to the wind direction.
In this case, there is no stagnation zone between the laser and the target. A positive slew denotes slew in the direction of the wind. In this case, it is possible to have a stagnation zone somewhere along the propagation path. For example, a slew rate of 1 mradlsec places the stagnation zone at the target, while a slew rate of 5 mrad/sec places the stagnation zone 1 km from the laser source. Figure 3 shows that in the absence of slew (i.e., uniform wind), the power on target is (P,rge,) • 0.7 MW and the propagation efficiency is -50%. KP' , get ) increases relative to this value when the slew is opposite to the wind direction because the effectively larger wind speed along the entire propagation path mitigates thermal blooming. For a slew rate 0 = -5 mrad / see, for example, (Pt,,a,) 7 1.1 MW, which corresponds to a propagation efficiency of > 70%.
When the slew is increased in the direction of the wind, the power on target decreases sharply for O < 1 mrad/sec and reaches a minimum when 0 = 1 mrad/sec, i.e., when the stagnation zone is at the target. At this minimum, (Paget) ; 0.07 MW, which corresponds to a propagation efficiency of < 5%. Increasing the slew rate further brings the stagnation zone closer to the laser source, where the intensity is lower, and increases the effective wind velocity near the target. The result is that the power on target increases with slew rate. For a slew rate of 0=5 mrad/sec, (Ptge,) 0.7 MW. These results are consistent with the calculation in Sec. II, i.e., for a beam focused onto the target plane, a stagnation zone close to the target will result in the largest beam distortion. 
